Abstract ''CI-Wizard'' is a new, three-dimensional software planning tool for cochlear implant surgery with manual and semi-automatic algorithms to visualize anatomical risk structures of the lateral skull base preoperatively. Primary endpoints of the study represented the evaluation of the CI-Wizards usability, accuracy, subjectively perceived and objectively measured time in clinical practice. In a period from January 2014 to March 2015, n = 36 participants were included in this study. These members were divided into three groups of equal number (n = 12), but different level of experience. Senior doctors and consultants (group 1), residents (group 2) and medical students (group 3) segmented 12 different CTscan data sets of the CI-Wizard (four per participant). In total, n = 144 data sets were collected. The usability of the CI-Wizard was measured by the given questionnaire with an interval rating scale. The Jaccard coefficient (JT) was used to evaluate the accuracy of the anatomical structures segmented. The subjectively perceived time was measured with an interval rating scale in the questionnaire and was compared with the objectively mean measured time (time interact). Across all three groups, the usability of the CI-Wizard has been assessed between 1 (''very good'') and 2 (''with small defects''). Subjectively, the time was stated as ''appropriate'' by questionnaire. Objective measurements of the required duration revealed averages of t = 9.8 min for creating a target view. Concerning the accuracy, semi-automatic anatomical structures such as the external acoustic canal (JT = 0.90), the tympanic cavity (JT = 0.87), the ossicles (JT = 0.63), the cochlea (JT = 0.66), and the semicircular canals (JT = 0.61) reached high Jaccard values, which describes a great match of the segmented structures between the partcipants and the gold standard. Facial nerve (JT = 0.39) and round window (JT = 0.37) reached lower Jaccard values. Very little overlap tendency was found for the chorda tympani (JT = 0.11). This software program represents a further important step in the development of preoperative planning tools in cochlear implant surgery. The study revealed a high level of satisfaction in the usability. The subjectively required time was considered as ''appropriate'' and the objectively mean measured time was t = 9.8 min short enough, so that a clinical application seems realistic. Particularly for semiautomatically segmented structures, it represented a good accuracy. For purely manual segmented structures, further improvements are desirable. Finally, this program also provides a good learning tool for medical students and residents to become familiar with the anatomy of the lateral skull base.
was measured with an interval rating scale in the questionnaire and was compared with the objectively mean measured time (time interact). Across all three groups, the usability of the CI-Wizard has been assessed between 1 (''very good'') and 2 (''with small defects''). Subjectively, the time was stated as ''appropriate'' by questionnaire. Objective measurements of the required duration revealed averages of t = 9.8 min for creating a target view. Concerning the accuracy, semi-automatic anatomical structures such as the external acoustic canal (JT = 0.90), the tympanic cavity (JT = 0.87), the ossicles (JT = 0.63), the cochlea (JT = 0.66), and the semicircular canals (JT = 0.61) reached high Jaccard values, which describes a great match of the segmented structures between the partcipants and the gold standard. Facial nerve (JT = 0.39) and round window (JT = 0.37) reached lower Jaccard values. Very little overlap tendency was found for the chorda tympani (JT = 0.11). This software program represents a further important step in the development of preoperative planning tools in cochlear implant surgery. The study revealed a high level of satisfaction in the usability. The subjectively required time was considered as ''appropriate'' and the objectively mean measured time was t = 9.8 min short enough, so that a clinical application seems realistic. Particularly for semiautomatically segmented structures, it represented a good accuracy. For purely manual segmented structures, further improvements are desirable. Finally, this program also provides a good learning tool for medical students and residents to become familiar with the anatomy of the lateral skull base. 
Introduction Segmentation in medicine
For preoperative planning of cochlear implants, a precise idea of the individual anatomy of the lateral skull base, the middle and inner ear is an important requirement. To understand the complex anatomy it can be difficult to evaluate 2D computer tomography (CT) images singulary [1, 2] . Three-dimensional reconstructed images allow a facilitate understanding of the patient's anatomy [3] [4] [5] [6] [7] [8] . For this reason, many planning tools were developed and improved during the last decades [6, 9] . Segmentations of the desired anatomical structures function as a basis for these programs [6] and describe a process to determine several objects in an image [10] . Usually, manual segmentation of two-dimensional images is accomplished by trained medical technicians, who sign the contours slice by slice [6, 9, 11] . This process is very time-consuming [6, [9] [10] [11] [12] [13] and results may depend on intra-or interobserver variability [6, 9] . For that, many algorithms have been developed to perform computer-assisted segmentation [3, 6, 7, 9] . Integrated semi-automatic algorithms simplify and accelerate the segmentation work even for non-image processing experts [3, 6, 7, 9] . Table 1 gives an overview of selected studies and their results dealing with different image processing software programs and algorithms. This implies the diversity of existing software programs whose aim is to visualize anatomical structures of the middle and inner ear in a threedimensional perspective. The publications show a large margin of the required time starting from 1.5 min up to 6 h to develop a target view. There are even just a small number of reconstructions in 3D taken into account in the studies. This results in a conflict between the exact visualization of anatomical risk structures, the required time, and the high technical input for the software, which limits the potential implementation in clinical practice.
Compared to the existing studies, this study tries to evaluate an alternative software program for risk structure segmentation concentrated on usability in daily clinical routine in a large number of segmentations and different levels of experience.
CI-Wizard
''CI-Wizard'' is a new three-dimensional preoperative planning tool for Cochlea Implant surgery with semi-automatic algorithms to visualize anatomical risk structures of the lateral skull base based on CT data. This program tries to build a bridge between medicine and informatics. Wizard (engl. ''Magician'', ''Sorcerer'') is a term from the field of computer science and wants to guide and reduce complex configuration labyrinths of computer programs for the specific user [17] . In this case, complex informatic image processes are automatically translated into a simple medical terminology. This helps the user to focus on medical data during the segmentation process. Additionally, the ''CI-Wizard'' allows the user to change parameters after each step. So the program reaches a balance between flexibility (manual segmentation, semi-automatic corrections) and guidance (semi-automatic algorithms, wizard interaction pattern) in a non-time consuming way.
Cochlear implant (CI)
A cochlear implant (CI) provides a therapeutic option for patients with a congenital or acquired severe sensorineural hearing loss due to the cochlea. This specific hearing aid that is inserted into the cochlea intends to improve the hearing and the quality of life of affected patients. The mechanism of the CI is a stimulation of the cochlear nerve by electrical pulses through the implanted electrode. These stimuli are transmitted to the auditory cortex. Conventional CI surgery is a standardized procedure with different implants available. Nevertheless, for the intraoperatively insertion of the electrode into the cochlea, high-risk structures have to be protected in a limited surgical field [7] . After retroauricular access, subsequent mastoidectomy and posterior tympanotomy, the facial nerve is an important risk structure. Especially the angle of the facial nerve and the chorda tympani is of particular interest. This space called facial recess is approximately 2.5-4 mm wide [19, 20] . Further, the fenestra cochleae is another important structure which defines the opening of the round window membrane in terms of cochleostomy and the insertion of a cochlea electrode into the scala tympani as the preferred position [21] [22] [23] . Using the ''CI-Wizard'' anatomical risk structures and landmarks are defined and visualized. Figure 1 displays the relationships of these structures. That aims at a better understanding for the individual anatomic proportions in order to plan the surgery.
Objective
Aim of this observational prospective study on one hand is to evaluate the usability of the ''CI-Wizard'' program (1). On the other hand the accuracy of the ''CI-Wizard'' is examined for individual differences in the segmentation compared to a gold standard (2) . In addition, the subjectively perceived time (3) and the objectively measured time (4) will be detected. Finally, the integration into clinical practice for preoperative cochlea implant planning is discussed (5).
Materials and methods

Cooperations
This data set was collected in cooperation with the University Hospital of Leipzig, the Fraunhofer Institute of Erlangen (IIS) and the University of Tuebingen in the design of a prospective trial.
CI-wizard
In this study, the evaluated CI-Wizard embodies an image processing software program, which has been developed by the above mentioned cooperation partners for preoperative cochlea implant planning. The CI-Wizard operates with manual and semi-automatic algorithms to facilitate and to visualize the segmentation of eight anatomical risk structures of the external, middle, and inner ear. Figure 2 demonstrates the CI-Wizard sequences. With the optional correction mode (yellow), the CI-Wizard user is able to refine and undo the result after each segmentation step (e.g., grow/shrink). Necessary corrections are shown in red.
A wizard graphical user interface (gui) contains detailed instruction with a four-part view (Fig. 3) to show the stored CT images in an axial, sagittal, and coronal perspective together with a 3D visualization. After each step, the user receives immediate visual feedback of the segmented structure.
Data sets
This study is based on n = 12 spiral CT-scan patient data (six left ears and six right ears), which were uploaded in the CI-Wizard program and segmented in detail by the participants. The average age of the patients was 64 years (±16). Six records contained minor anatomical deviations, e.g., missing ossicles, a partial ossicular replacement prosthesis (PORP), or an acoustic canal stenosis while the other six records showed normal findings. The mean resolution of the CT data sets was 0.24 mm 2 pixel (±0.07) The CT datasets were cut off by an average of 7.5 9 10 6 voxels (±4.4 9 10 6 ) and coated a medium volume of 77.9 cm 3 (±20.4).
Study participants
In a period from January 2014 to March 2015, n = 36 participants were included in this study. These members were divided into three groups, each with n = 12 participants. Senior doctors and consultants (group 1), residents (group 2), and medical students (group 3) each segmented four different data sets of the CI-Wizard (per participant).
In total, n = 144 data sets were collected. It was noted that all the participants of each group had the same order, the same level of difficulty, and a standardized instruction for carrying out the study. As a result, the groups were comparable (Fig. 4) . Ahead of segmentation, every participant received exactly the same instruction for using the software program by the study leader following a standardized protocol.
Questionnaire
To capture and quantify a subjective measure in terms of quality of segmentation and the usability in dealing with the CI-wizard program, a questionnaire was developed. After the segmentation, the participants were asked to fill out this questionnaire. Initially, socio-demographic data (e.g., age, specific profession) and the experience level were requested. In the main part of the questionnaire, the quality of segmentability has been detected. Each named anatomical structure was rated using a scale from 0 to 5 (''0 = not at all'', ''5 = very good''). Further, an evaluation of the general usability of the program and the subjectively estimated time expansion followed using a rating scale. Suggestions and requirements for the CI-wizard program could be proclaimed at the end in a free text form.
Accuracy and time
In contrast to the subjective analysis, the CI-wizard program itself allowed an objective quantification of two other important parameters. On the one hand, an objective measurement of time (ms) was carried out. At this point, a distinction between ''total time'' and ''time interact'' was made. The latter means the indeed active segmentation time, while the total time also includes software loadings or downtimes during the data collection. To record ''time interact'', the software gatherd the runtime of the segmentation pipelines ''time pipelines'' and subtracted it from the ''total time'' (T interact = T total -T pipelines ).
On the other hand, an important focus was on assessing the accuracy of the CI-wizard. For this purpose, a goldstandard segmentation was created as a template for an optimal segmentation of a data set and for each structure. This pattern was compared with each segmented structure of a participant. For the definition of the segmentation accuracy, the Jaccard index [24] (Figs. 5, 6 ) was used. It is also known as the well-established Tanimoto coefficient or coefficient of community [25, 26] . This index describes the similarity of two sets while dividing the number of common elements by the size of the common area. The Jaccard index assumes a non-dimensional value between ''0'' and ''1''. The value ''1'' stands for the highest possible common area and marks an accurate segmentation with respect to the gold standard. The value ''0'', however, does not correspond to the common intersection and describes an incorrect segmentation of the participant.
Statistical analysis
To analyse the statistical data, the program JMP 11_2 was used. Categorical data are reported as absolute and relative frequencies (proportions and percentage). Continuous data are expressed as mean (± SD). Multifactorial analyses of variance (F) were used to compare the differences between 
Results
Sociodemographic data
In total, n = 144 CT-scan data sets were segmented by n = 36 participants, which were divided into three groups of equal number (n = 12). The participant characteristics are summarized in Table 2 . 87.5 % of the participating physicians were from the field of ENT (n = 21). Two radiologists and one participant of the neurology department were the remaining subjects.
Subjective parameters
Evaluation of the CI-Wizard usability
The usability of the CI-Wizard (Fig. 7) was measured by the given questionnaire with an interval rating scale from 1 (''very good'') to 4 (''insufficient''). A univariate ANOVA (analysis of variance) revealed a significant effect for this item in reference to the study groups [F(2.36) = 3.82, p = 0.03]. Students (Group III) rated the usability best (M = 1.17, SD = 0.39), followed by the Residents (Group II, M = 1.55, SD = 0.69), and Seniors (Group I, M = 1.82, SD = 0.60).
Evaluation of the segmentation quality
The study participants evaluated the quality how well the n = 8 anatomical structures (AC = acoustic canal, OS = ossicles, TC = tympanic cavity, NF = facial nerve, NC = chorda tympani, RW = round window, CO = cochlea/vestibule/inner ear canal, SC = semicircular canal) can be segmented in the questionnaire with an interval rating scale from 1 (''very good'') to 5 (''not at all''). 
Objective parameters
Evaluation of objective required time
Across all groups, the average runtime of the CI-Wizard was T interact = 9.8 min (±4.7 min) to segment a record. Based on Fig. 9 , it can be seen that the Seniors needed more time (M = 11 ± 5 min) than the Residents (M = 9 ± 5 min) and the Students (M = 8 ± 3 min). The univariate ANOVA revealed no significant value for this factor [F(2,36) = 0.93, p = 0.40].
Evaluation of Accuracy
The statistical analysis to data on the accuracy of the CIWizard program was carried out by calculating the Jaccard coefficient. For each segmented structure, the averages have been distributed based on the respective groups in accordance to Table 3 .
There has been a high correspondence between the segmentation of the study participants and the gold standard for the anatomical structures of the external acoustic meatus (AC) and the tympanic cavity (TC). Ossicles (OS), cochlea (CO), and semicircular canals (SC) showed relatively high overlaps between the participants and the gold standard. Facial nerve (NF) and round window (RW) 
Discussion
Three-dimensional software planning tools for the lateral skull base have become popular. Many advantages such as the better preoperative presentation of the individual anatomical site [3] [4] [5] [6] 18] , the reduction of surgery complications [7, 16] or the increase of the surgeon's spatial awareness [6, 7, 27] and experience level [15] were described in several studies. These tools are continuously improved [3, 6, 7, 12, 16, 27, 28] . The given study evaluated the CI-Wizard as a modern software tool for the three-dimensional visualization of risk structures of the lateral skull base in a clinical setting. Usability The usability has been assessed across the three groups between ''very good'' and just ''with small defects''. These good results are mainly justified by the fact that integrated semi-automatic algorithms were used in this software program, which simplify the segmentation work even for non-experienced [3, 6, 7, 9] . The plain structure of the program with clear work instructions probably also leads to this assessment of the usability. According to the literature of Rodt et al. [3] , the use of different colors for various anatomical structures and a simultaneous view in an axial, sagittal, and coronal dimension led in addition to a better visualization of the situs in this study. Furthermore, the direct conversion of 2D images into a 3D visualization helps to detect and understand the relationship of the different ear structures [3] .
Time exposure Subjectively, the time was stated as ''appropriate'' by questionnaire. Objective measurements of the required duration revealed averages of n = 9.8 min (±4.7 min) for creating a target view. This is in line with results from other studies. According to the study of Kisser et al. [14] , a preoperative prediction of the best cochlear implant electrode length requires n = 6.1 min (SD = 3.4). It was considered as ''not time-consuming'' and applicable in clincal routine [14] . Gerber et al. [7] described a surgical planning tool for robot-assisted hearing aid implantation which needed less then n = 20 min for one ear. Also in this tool, semi-automatic algorithms improved the time rate to determine a target view. In comparison, a pure manual segmentation requires much more time [6, 10, 12, 13] . Referring to the presented study, the highest amount of time was even measured in the manual segmentation of the nerves compared to the other semi-automatic structures (Fig. 9) . Rodt et al. [3] for instance needed up to n = 6 h per case by the help of the software tool ''3D Slicer''. Thus, it can be noted that the ''CI-Wizard'' quickly leads to the desired target view. A clinical application of the CI-Wizard seems to be considerable.
Accuracy Due to small safety margins during the surgery, the accuracy of the segmentation of anatomical risk structures is highly important [7] . In contrast to the study of Noble and Dawant [31] , which used the Dice similarity coefficient to evaluate the accuracy, we applied the wellestablished Jaccard coefficient [25, 29] . It could be shown that anatomical structures such as the acoustic canal (AC) or the tympanic cavity (TC) reach high values. In these cases, there was a great match of the segmented structure between the participants and the gold standard. Particularly, low scores were detected for the chorda tympani (NC) and the facial nerve (NF). This discrepancy seems to be multifactorial. The most common explanation for this fact is the different size of anatomical structures. The facial nerve (NF) is a tubular structure of about 1.5 mm (*5 voxels) and the chorda tympani of approximately 0.3 mm (*1 voxel) in diameter [28, 31] . The external acoustic canal (AC), however, is an anatomical structure of approximately 20-30 mm in length and can be clearly discriminated by a high difference in hounsfield units (air vs. bone) and indicates a higher probability of area overlap. Minimal shifts in the segmentation of the nerves compared to the gold standard cause greater effects in the Jaccard value. Further, the nerves are difficult to segment, due to the lower contrast to nearby structures (much lower difference in hounsfield units) and the large interpatient variations [28, 31] , especially in a reduced CT resolution setting. Even for experienced surgeons, it is sometimes not easy to follow the course of these nerves from slice to slice [28] . In this study, semi-automatic segmentations (AC, OS, TC, CO, SC) showed more accurate results than the manual procedures (NF, NC). This is consistent with results from Noble et al. [28] . They present a new technique that integrates an atlas-based approach with a minimum cost path finding algorithm to segment the facial nerve and the chorda tympani automatically. They showed that the automatic borders surrounded the nerves were generally smoother and more accurate than the manual one [28] . Therefore, it can be determined that an automatic segmentation of the nerves would be beneficial for a next version of the CI-Wizard. Furthermore, it can be profitable to combine these algorithms with magnetic resonance imaging (MRI), because the different sections of the facial nerve can be pictured to very high resolution [3, 6, 28] . In line with this, Noble and Dawant [31] developed successfully an algorithm for the optic nerves on the data base of CT-scan and MRI in a further study. The contemplation of the round window (RW) in this context takes a special position because the CI-Wizard showed each participant several candidate regions. Following, the user could select the target structure by own anatomical knowledge. In this instance, the univariate ANOVA pointed a significant effect [F(2,36) = 3.469, p = 0.046]. Accordingly, Group I (Seniors) with the highest professional and anatomical expertise reached better Jaccard values than the Residents (Group 2) and Students (Group 3). Especially the oval and round window were often confounded by Residents and Students. At this point, integrated anatomical landmarks (e.g., the stapes) could help to minimize these errors in future software programs. Finally, a positive correlation of subjective evaluations of segmented risk structures and objective measured Jaccard indices can be recognized. The good evaluation of the acoustic canal (AC) coincides with high Jaccard indices of all groups. Similar correlations arise for the structures OS, CO, and SC (ossicles, cochlea/inner ear canal, semicircular canals). In this regard, the chorda tympani (NC) was rated the worst, reaching the lowest Jaccard values. The round window (RW) was significantly worse evaluated by Residents and Students, probably due to lack of anatomical knowledge for this structure in the CT. A discrepancy of ratings were obtained for the structures tympanic cavity (TC) and facial nerve (NF). The segmentability of these landmarks were evaluated almost the same, but the TC achieved much better objective results than the NF. This again shows that semi-automatic segmentation lead to better results than manual ones. Limitations Limitations of this study were, first, that there have been no serious pathologies (e.g., infections, tumors, congenital deformities) in the used records. Thus, no valid statements concerning the functionality of the ''CI-Wizard'' can be taken in pathological conditions. This should be the subject of investigations in follow-up studies. Second, it would be desirable to specify the anatomical conditions in the three-dimensional target view in millimeters. To check the accuracy, it was therefore only possible to use the Jaccard index. Moreover, the gold standard was defined as an independent segmentation of n = 2 experts (senior physician of ENT and radiology). These segmentations, though gathered independently of our experts showed high similarities. Still, one might increase in subsequent studies the number of experts to define a more accurate gold standard.
Clinical usability The clinical usability of a software program correlates with the ratio of real-life conditions and the quality of a predicted surgical situation. In addition, a preoperative segmentation has to be a non-time consuming procedure. It is to be discussed, whether manual or (semi-) automatic segmentations of anatomical structures are better compatible to be integrated into clinical practice. Various studies showed that the manual segmentation of 2D images often requires hours, even when carrying out by trained persons [10, 12, 13] . In contrast, the work of Noble et al. [12] compared the results of fully automatic segmentations of anatomical structures of the middle and inner ear with very accurate results (e.g., 0.3 mm mean deviation in the identification of the facial nerve or the chorda tympani) within less than n = 10 min per patient scan. Due to these facts, automatic segmentations seem to be significantly more profitable for the clinical routine. Nevertheless, it is important that the surgeon is involved with its professional expertise in the preoperative planning process. Thus, it can be better evaluated whether (to be segmented) structures are over-, or more importantly, less represented [7] . At that point, the CI-Wizard tries to fill this gap and finds a compromise. By using semi-automatic algorithms, the program is clinically feasible with a planning period of n = 9 min and the surgeon can verify the segmentation in every step. Moreover, the CI-Wizard reached good results in this clinical study with respect to the accuracy of the investigated structures.
Prospects In further studies it will be interesting to evaluate serious pathologies (e.g., infections, tumors, or ear deformities) and CT scans of children with the CIWizard. Furthermore, it would be desirable to integrate a tool to span a distance in millimeter between several anatomical structures. Finally, following the authors' observations the CI-Wizard seems to be a suitable instrument for teaching, learning, and conceiving lateral skull base anatomy. Another interesting aspect is to deliver the cochlear length as an accurate measured value to choose the corresponding electrode, preoperatively, to reduce intraoperative trauma.
Conclusion
In summary, this software program represents a further step in the development of preoperative planning tools in the cochlear implant surgery for clinical practice. For all groups (n = 3), a high level of satisfaction in the usability was seen. On average, the subjectively required time was considered as ''appropriate''. The objectively meanly measured time was n = 9 min, so that a clinical application seems realistic. Particularly for semi-automatically segmented structures, the CI-Wizard could represent a good accuracy. For purely manual segmented structures such as the facial nerve and the chorda tympani, further improvements are desirable [7, 28, 30] . Finally, this program also provides a good learning tool for Students and Residents to become familiar with the anatomy of the lateral skull base.
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